Many efforts to improve healthcare safety have focused on redesigning processes of care or retraining clinicians. Far less attention has been focused on the use of new technologies to improve safety. We present the results of a unique collaboration between the VA National Center for Patient Safety (NCPS) and the Thayer School of Engineering at Dartmouth College. Each year, the NCPS identifies safety problems across the VA that could be addressed with newlyengineered devices. Teams of Thayer students and faculty participating in a senior design course evaluate and engineer a solution for one of the problems. Exemplar projects have targeted surgical sponge retention, nosocomial infections, surgical site localization, and remote monitoring of hospitalized patients undergoing diagnostic testing and procedures. The program has served as an avenue for engineering students and health care workers to solve problems together. The success of this academic-clinical partnership could be replicated in other settings.
INTRODUCTION
Beginning with the publication of the "To Err is Human: Building a Safer Health Care System" [1] , patient safety has been recognized as major problem in the US health care system. That report summarized nearly twenty years of research demonstrating that patients are frequently harmed when receiving healthcare, and has served as a call to action for the health care system. Considerable focus and efforts have been brought to bear in efforts to improve the safety of health care. Unfortunately, the evidence over the decade since "To Err is Human" suggests that any gains in promoting safety have been modest at best [2] .
There have been a variety of approaches attempting to improve patient safety. Much of the initial effort focused on developing a better awareness of adverse events and attempting to learn from the failures. Root Cause Analysis represents the best known example of this approach [3] . A deeper understanding of human factors engineering has also been applied to both understand and mitigate patient safety problems [4] . At the same time, understanding medical communication and the functioning of health care workers as a team has proven to be a powerful lens for understanding medical errors and for developing successful interventions to improve patient safety [5] . Underlying all of the efforts to promote safer health care is the desire to build a "culture of safety" among all health care workers [6] .
There has been substantial attention to the issue of design in the many efforts to improve patient safety. A conceptual framework has been put forward as a means to both understand error and develop better designs to avoid error [7] . Health care teams also develop ideas for new devices and new designs in their efforts to provide safer care [8] . In addition to the theoretic framework and the practical attempts to improve safety, there is a growing literature which suggests differential effectiveness of various types of solutions for patient safety problems [9, 10] . Some interventions such as policy changes may be less effective than changes to the devices and environment where care is provided [11] .
In 2008, the Veterans Administration's (VA) National Center for Patients Safety (NCPS) entered into a unique partnership with the Thayer School of Engineering at Dartmouth College. As a part of this collaboration, the VA would bring forward safety challenges facing the organization and the Thayer School of Engineering's students and faculty would help engineer possible solutions. The NCPS would remain engaged with the design team through regular meetings, and would provide the engineers with access to clinical areas and expertise. In addition, the NCPS would provide funding for the materials needed for the projects. The Thayer Engineering teams take on one to two new projects per academic year. This report describes the initial five projects undertaken by student teams and their impact on operations in the VA.
Highlighted are the project selection process and the breadth of problems that can be solved in this fashion. Specifically, projects include a chemical engineering approach to addressing retained surgical sponges; a mechanical engineering approach to sterilization of reusable medical equipment; a biotechnology approach to identifying infectious agents on surfaces; an imaging and process approach to address wrong site surgery; and a software approach to monitor patient status during activities of daily living.
METHODS

Project Selection
The NCPS undergoes a rigorous process each year to attempt to indentify safety problems which could be addressed with newly engineered devices and processes. NCPS staff queries the patient safety managers at each of the VA's 156 medical centers to indentify safety issues that could be approached in this manner. In addition, NCPS staff reviews a national database of adverse events in an attempt to identify other patient safety problems amenable to design solutions. Typically NCPS receives approximately fifty safety problems from its query of patient safety managers, and an additional ten problems are gleaned from the adverse event database. Projects are selected based on a prioritization matrix [9] .
Academic Course Structure and Team Formation
Project abstracts are submitted to the Cook Engineering Design Center (CEDC) at Dartmouth's Thayer School of Engineering. The CEDC serves as a liaison between the engineering school and industrial partners in order to bring real problems into the educational arena, specifically the capstone senior design course. In general, senior design projects at Dartmouth's Thayer School of Engineering are designed to give 4th and 5th year students a real-world engineering experience with guidance from outside professionals. Course lectures relate to professionalism (ethics, intellectual property, problem solving, etc.), and the students are each expected to work about 20 hours a week on their projects for the duration of the 6-month course. The course director therefore coordinates with all potential project sponsors to ensure that project abstracts are of appropriate scope and degree of difficulty for the incoming senior class population. Patient safety project abstracts are modified by NCPS staff as necessary to best fit within the educational goals of the course.
Students in the design course comprise the entire senior engineering class at Dartmouth. While students might self-identify with a traditional engineering discipline (e.g., mechanical, electrical, etc.), the course is only offered once per year, and only in a non-disciplinary format. After a week-long interview and selection process, students prioritize project choices, and multidisciplinary teams of three to four senior undergraduates are assigned to projects by the course instructor. A typical student team would thus include three advanced engineers who are excited about the general field of the project, but who are likely from different engineering disciplines. The students are given laboratory space, a modest budget, and access to all of the Dartmouth facilities to complete their work. Additionally, the students are required to have at least one faculty advisor who is knowledgeable in the chosen field. As a result, the students are constantly interacting with no fewer than three professionals, including the instructor, the faculty advisor, and the NCPS sponsor. The course design is outlined in figure 1 .
Each of the individual project teams applies a defined engineering problem solving method taught at the Thayer School of Engineering at Dartmouth College [12] . The process begins with clinical staff presenting engineers with a broad-based problem statement. The engineers then use a number of predefined steps structured to find the best solution. These steps are common to each of the case examples described in this paper and are briefly described below.
Identifying the Problem and Need Statement
Problems presented to an engineer might be biased, might contain errors of fact, and might imply a solution. The presenting clinician may have been involved in the development of the current approaches, and may have preconceived notions as to the best solution. Thus an important initial step is to reconfigure the problem into a true need statement that is without bias and affords maximal freedom for innovation. A reformulated problem statement is used by the engineers to identify the precise deliverables for the project.
The process of developing a need statement and problem statement takes days or weeks, and involves significant amounts of on-site observation, interviews with all stakeholders, and laboratory-based experiments. The engineers are also asked to better quantify the problem as part of their initial research, such that the problem can be placed in the context of the greater societal need.
Identifying Constraints and Forming into Specifications:
Understanding the system and the context also requires a thorough understanding of state-of-the-art solutions, their benefits, and drawbacks. All potential solutions are limited or constrained by the limits of current science. In the process of identifying the constraints, the engineering team should identify and evaluate ideas and technologies which have already emerged as potential solutions. These existing solutions are termed the current state-of-the-art. At this step, the engineering team begins to formulate the metrics and methods which will be applied to all new solutions. These metrics should be relevant, measurable, and weighted based on perceived relative importance.
Metrics and specifications must be collected from all stakeholders. Success of a process or product often depends on the ability of the engineer to translate the voice of 434
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Summer
• NCPS liaison with Thayer School queries safety managers for projects.
• NCPS reviews adverse events database.
• Project abstracts are submitted to the Cook Engineering Design Center.
• Course director coordinates changes to scope of work and deliverables.
Fall
• Project abstracts are presented to entire senior class and students interview NCPS staff.
• Students prioritize projects and course director assigns project team.
• Project team proposes a full project plan and deliverables to NCPS.
• NCPS coordinates clinical and research contacts for student interviews.
• Students work on problem definition, research, and proof of concept.
Winter
• Students develop prototypes, perform a market analysis, and perform user testing.
• NCPS provides feedback on student's progress.
• Students present final process or prototypes to NCPS, with a list of follow-up tasks.
Spring
• Students may continue to work through independent study or senior thesis.
• NCPS coordinates next steps for process or prototype and determines whether the project is worth pursuing in a following cycle. the user, consumer, and patient into the voice of the engineer. Identifying the tradeoffs associated with different specifications permits the engineer to understand the strengths and weaknesses of existing and potential solutions.
Brainstorming and Analyzing Alternatives
Brainstorming should be unbiased (with each suggestion openly viewed as a positional solution), and thorough (so that all potential solutions are compared using the predefined specifications). Alternative solutions are evaluated using a logical process which can range in complexity from a "pros-cons" tradeoff chart, to a modified Pugh Decision Matrix, to a House of Quality evaluation [12] . This alternative matrix quantitatively compares each solution using the predefined specifications and their tradeoffs. Each potential solution from the brainstorming session is thus numerically ranked against all others, and the solution with the highest numerical value is chosen as the primary solution path.
Development of and Testing Chosen Alternative
The engineering teams dedicate a significant amount of time and work to developing the chosen solution. This step often involves fabrication of a prototype, modeling a solution, or developing a policy. This solution is then compared to the state-of-the-art through laboratory and user testing.
Analyze Alternative Relative to Problem Statement
If the chosen solution successfully addresses the specifications and need statement, then the team has solved the problem and reports the findings to the sponsor. Typically, multiple prototypes of the solution are needed before the specifications are adequately met.
RESULTS
The projects presented below were classified by the White River Junction VA Research and Development Committee as laboratory research not requiring human subjects review. Students obtained pre-approval for formal provider surveys in the retained surgical sponge project from the Dartmouth Committee for the Protection of Human Subjects (CPHS #22776).
Project Areas
Retained Surgical Sponge
Unintentionally leaving surgical items in patients has emerged as a significant patient safety problem facing the health care system. There are reports of different items including scalpels, forceps, and surgical needles being retained in patients' body cavities after surgery [13] . The retention of surgical sponges is among the highestimpact patient safety problems [14] . While ever more elaborate methods have been employed to decrease the risk of leaving objects in patients (such as more complex protocols to count instruments in the surgical field [15, 16] ), there remain a significant number of occurrences [17] .
The engineering approach focused on avoidance of retention by means other than counting or tracking objects. Initial efforts focused on developing methods to conduct surgery without using sponges. Although this method holds promise (and to some degree was already occurring with the increased use of minimally invasive procedures), it was beyond the scope of this project as it would require retraining large number of surgeons. A second option was developing a sponge which could be safely left in a patient. This became the focus of the project.
The team of students assigned to the project included a biomedical engineer, a chemical engineer, and an economics/engineering double major. Their engineering team developed a sponge composed of combined alginate and cellulose fibers, which harmlessly biodegrade in the human body. This material initially retains the functionality of a traditional cotton sponge, but is absorbed into the body if left in after a procedure. As a result of collaborations with practitioners, the design team also worked to make the material retain the "feel" of a cotton sponge and other aspects valued by surgeons.
The design was awarded second place recognition at the Collegiate Investigators Competition [18] , and the investigators have applied for patent protection. The students are the sole named inventors on the application, and as with all student projects performed at Dartmouth, assignment of the patent rights is handled on a case by case basis via the central Technology Transfer Office. Additional work has been dedicated to the manufacturing process and animal studies should begin soon.
Pathogens in hospitals
The transmission of infectious organisms within the hospital setting is likely the most significant patient safety problem involving inpatient medical care. A great deal of work has been done already to design clinical protocols to avoid the development of nosocomial infections [19] . These have ranged from hand washing campaigns to the use of checklists to ensure compliance with procedures known to decrease the incidence of catheter-related infections, surgical site infections, and ventilator-associated pneumonia [20, 21] .
Two teams took different approaches to impact various aspects of this problem. The first team addressed the scenario in which there is a transmission of an infectious agent from a known infected patient maintained in isolation. Hospital staff wear disposable gowns and gloves when in these areas. However, reusable medical equipment such as stethoscopes, reflex hammers, and glucometers may not be adequately cleaned after being exposed to this environment. The current practice involves the time-intensive process of wiping the device or instrument with alcohol-based cleaners.
The student team assigned to this project included a mechanical engineer, a bio-engineer, and a design engineer. The team initially focused on observing the care process, specifically, the types of devices used and the process by which the health care workers left the room and took off their gloves and gowns. Based on these observations, they developed specifications for a device that could be located in the hall outside a patient room and could sterilize objects in less than 30 seconds. The team constructed a device that was small enough to fit on the cart containing disposable gowns and gloves outside the patient's room. It could be opened using a foot pedal and disinfects medical equipment using ultra violet light in 30 seconds. The ultraviolet dose rate of the device exceeds 4,800 µW . s/cm 2 per second, allowing for disinfection sterility assurance levels better than 10 −3 . Future work will focus on cost effectiveness and a scalable manufacturing process.
A parallel area of exploration was the scenario in which there is a need to detect infectious agents on surfaces. A student team including two bio-engineers, a chemical engineer, and a biomedical engineer set out to develop a rapid method to accurately identify specific pathogens. Such a device would allow hospital personnel to rapidly determine whether a surface is disinfected. Their goal was to develop a portable handheld device that could, in less than 30 seconds, detect bacteria on surfaces. In addition, clinician feedback indicated that it would be desirable if the device could identify specific pathogens of interest, such as methacillin-resistant Staphylococcus aureus or Clostridium difficile.
The project employs molecular beacons and a fluorescence detector in conjunction with a microfluidics platform to achieve better than 95% sensitivity, and less than 5% false positives. Sample swabs from surfaces in question are introduced into the testing device. Microporation is used to introduce the molecular beacon into any pathogens that might be present in the sample. Up to seven samples can be tested simultaneously in a device that is 25 cm × 15 cm × 10 cm, and results can be obtained in less than 10 minutes. While the pilot device was able to accomplish the stated goal, considerable work is needed to refine such issues as power supply and reusability. Consequently, much more development is needed for this project before it is ready for production.
Wrong Site Spinal Surgery
Conducting medical procedures on the wrong body part or on the wrong patient is a safety issue that easily captures the attention of the public. While these events are thought to be rare, they do pose significant harm to those patients affected. In recent years, the Joint Commission and most hospitals have developed guidelines for correct identification of surgical sites [22, 23] . These guidelines mostly entail having the surgeon sign the site prior to surgery. While this approach has generally been effective, it has been difficult to apply to some surgical procedures, especially those in which site identification by signing the skin is infeasible. Spinal surgery presents such a situation. In this case, marking the surgical site does not necessarily localize the spinal level or correct side. The current process requires use of an immovable marker whose location is radiologically confirmed. Despite this mandated process, wrong site spinal surgeries continue to occur [24, 25] .
The student engineering team formed for this project included a mechanical design engineer, a biomedical engineer, and bio-engineer. They sought to establish a method by which the correct surgical site, including spinal level and laterality could be determined before the surgery in a way that would be obvious to the surgical team during the procedure. In this case, rather than designing a new product or device, the team simply applied an existing technology to a new application. Localization wires are commonly used in breast surgery to localize a lesion through computerized tomography (CT) guidance and provide a visual guide to the surgical team. The student team conducted initial feasibility studies to explore the possible application of this technology to spinal surgery. They developed a process through which a herniated disk would be localized and marked using a localization wire by a radiologist using CT guidance. The first step in this process was to localize the lesion using CT imaging. The radiologist would then introduce the guide wire under CT guidance. The guide wire would terminate at the location of the intervertebral disk pathology and extend through the skin. The exposed guide wire would be covered and bandaged. Hours later, a surgeon would use the guide wire to localize the correct disk for surgical intervention. The student team's development work employed cadaveric pigs in the radiology suite at Dartmouth-Hitchcock Medical Center as well as feedback from surgeons on the utility of the approach.
The team executed the process described above with actual radiology and surgical staff using a cadaveric pig. The disk could be localized and marked using the wire, and the surgeon could easily follow the wire to the correct disk space. As all the basic equipment is available and FDA approved, the team is moving forward with plans to do a pilot study using this process in actual patients undergoing spinal surgery. Two potential problems with this approach were identified by the team: movement of the location wire and potential of infectious agents to enter the body through the location wire track. Preliminary testing suggested that movement of the wire is unlikely if correctly implanted. However, evaluation of the risk of infection remains an area needing additional work.
Continuous Monitoring of Hospitalized Patients
Hospitals are large complex health care delivery sites. Patients receiving care in hospitals may, during a particular day, receive care in multiple locations within a hospital such as radiology, operating rooms, and physical therapy clinics. In addition, patients may spend considerable time in transition or waiting in these locations. Hospitals lack reliable means to know the location of all patients at all times. Furthermore, patients could decompensate clinically while in an ancillary testing area, where their worsening status could go unnoticed.
The goal of this project was to develop a means of knowing the location and basic physical status of all patients at all times [16] . Because hospitals are typically multileveled structures, the location must include a three-dimensional specification. In addition to knowing where patients are located, an optimal system must also include some monitoring of their health status. The student team assigned to this project included a systems engineer, a computer engineer, and an electrical engineer. The system developed by the student team used wireless internet networks to correctly locate patients. The small device worn by all patients would also capture basic health status data such as heart rate, respiration, and temperature. This supports the rapid identification of signals that indicate worsening health status, which are communicated to clinicians using real-time data displays. Software built into the system also allows for the collection of other health status data. For example, by measuring vertical movement over time (downward velocity), possible patient falls can be detected.
Much of the current work is focused on developing a user interface that health care workers find appealing and helpful. Obviously, a major consideration is elimination of false positive signals that a patient's health status has worsened. Considerable additional work is needed to ensure that false positive signals do not prove to be a distraction to staff.
DISCUSSION
Engineering has a long history of significant impact on health care delivery, ranging from the development of advanced prostheses to improving the safety and reliability of surgical anesthesia devices [26 -29] . Over the past decade, a great deal of research and attention has been focused on issues of avoiding harm to patients and designing a safer health care system. This has led to increasing numbers of engineering students and faculty from a variety of engineering disciplines who are interested in patient safety. The real innovation described in the cases above is not the development of any of the specific products or processes designed to improve patient safety, but rather the unique ongoing partnership and integration between engineering students and heath care workers to solve new problems. On the surface, such a partnership seems obvious. However, one only needs to consider the myriad problems in health care which have not been investigated and evaluated by engineers to realize the rarity of this approach. That the NCPS is able to identify important areas of focus and quickly enjoy the attention of engineering teams is a unique and valuable aspect of our program. We provide concrete examples of how engineers and health care providers can partner to develop devices and processes leading to safer health care.
The engineering problem solving methodology, as applied to clinical problems, does have some limitations. First, medical products and/or processes require substantial time to move from engineering research and development to clinical practice. For example, the resorbable surgical sponge would require extensive preclinical testing to ensure that it would not lead to problems such as gastrointestinal obstruction before it is resorbed. A solution may take years before implementation. This delay is the primary reason that so many clinical problems are subjected to more rapid trial-and-error problem solving techniques, where the clinician and hospital can quickly observe the outcome of a proposed solution. We have observed that the projects developed through our program provide fast and valuable insight into whether a prototype idea or product is worth the additional time and expense for full development to clinical practice.
The engineering problem solving methodology may also be limited by a lack of clinical knowledge on the part of the consulting engineers. While some healthcare engineering programs require engineering students to take clinical courses, engineers from other traditional disciplines might not have access to clinical coursework. Thus, the engineer must form a working relationship with the clinicians to best understand the scope of the problem and evaluate potential solutions. The current project accommodates this limitation through providing multiple academic and clinical advisors to the engineering team. While these resources might not be available to professional consulting engineers, the structure is readily in place in academic institutions, and professionals are eager to share knowledge and ideas with students.
Finally, engineering consultation adds further upfront expense to the problem. The resources necessary to fully develop a solution through iterative problem solving and production of prototypes may be substantial. Alternatively, making small changes in the clinic over time through trial and error is at first glance inexpensive, but the costs add up when the problems are not solved. Evaluating the cost of problem solving and defining the market for an eventual product are crucial steps to the engineering approach, and this evaluation should justify the need for thorough upfront development of a solution. The projects developed through this partnership have low financial risk due to an academic partnership on the teaching side, as opposed to the research side. Moreover, the breadth of student experience and educational objectives of the course mandate that cost-benefit analysis for the engineering project is performed.
A drawback to partnerships such as the one described is that projects are of finite length and scope. As identified with the five projects reported in this work, the products, while successful, are not necessarily marketable. The development cycle has the potential to be broken if a responsible party is not identified for the "next steps." However, it might be of benefit to the sponsoring organization to get the students sufficiently excited about patient safety so that they might wish to pursue a career in the field, perhaps starting with continuation of their academic work in a public or commercial setting.
CONCLUSION
The partnership between NCPS and Dartmouth's Thayer School of Engineering has been a mutually beneficial relationship for all parties. To date, five difficult, multidisciplinary, safety-related problems have been addressed by broadly trained engineering students in a design-focused environment. Success of the program is attributed to an academic environment focused on open collaboration between the engineering school and the clinical partner. The development of partnerships between engineers and health care providers to improve patient safety is a scalable enterprise. Other health care organizations and schools of engineering could likely replicate these promising results.
